ABSTRACT
Consult
A 71-year-old woman with advanced multiple sclerosis and hyperlipidemia sought treatment from the emergency department for atypical chest pain. Her electrocardiogram revealed flattened T-waves laterally. A serum specimen was collected, and her cardiac troponin I (cTnI) concentration was reported as 14 ng/mL (reference interval, <0.04 ng/mL) by the central laboratory. Subsequently, she had a transthoracic echocardiogram that showed no wall-motion abnormalities, but follow-up cTnI concentrations remained elevated (range, 13-15 ng/mL). On hospital day 3, she underwent a cardiac catheterization that revealed no flow-limiting coronary stenosis. Ultimately, she was discharged home with no explanation for the discordance between cTnI results and other clinical findings.
She returned to care 10 days later with abdominal and right chest pain and was found to still have an elevated serum cTnI concentration (9 ng/mL). She was discharged directly from the emergency department. Two days later, she sought treatment again, now reporting only abdominal pain. Her serum cTnI was 8 ng/mL. An alternative, point-of-care, cTnI method reported her cTnI concentration as 0.01 ng/mL (reference interval, <0.08 ng/mL). At that time, the emergency department physicians consulted the clinical chemistry fellow on call for help clarifying the result discordance.
Background
Precise quantification of cardiac troponin (cTn) has revolutionized the detection of myocardial injury. The assays' sensitivity and specificity for non-ST-elevation myocardial infarction have made them essential in evaluating patients with symptoms suggestive of acute coronary syndrome (ACS). 1 However, as evidenced by the above case, the clinical interpretation of erroneous cTn results can lead to suboptimal diagnosis or inappropriate management, which makes the sources of cTn errors critical to understand.
First and foremost, the complexity of testing interpretation necessitates that laboratories effectively partner with emergency, internal medicine, and cardiology departments to develop protocols for accurate testing and interpretation. Second, there is a diverse set of clinical assays with widely disparate analytic sensitivities. The most recently introduced assays, referred to as "high-sensitivity" cTn (hs-cTn), have analytic imprecision less than 10% at the 99th percentile of a healthy reference population and detect cTn in 50% or more of a healthy reference population. [2] [3] [4] In contrast, cTn assays currently performed in the United States, which we will collectively refer to as "conventional," have poor signal-to-noise ratios at the medical decision threshold, which means background noise can dramatically affect whether a reported cTn result is above or below the cutoff. 5 Third, defining clinically relevant threshold values is complicated. International guidelines for diagnosing acute myocardial infarction (AMI) endorse implementing the 99th percentile of a healthy population as the upper reference limit but offer very few recommendations on how to select this reference population. 1, 6 These guidelines also call for the detection of a change in cTn concentration over time (commonly referred to as delta) but do not define specific strategies or rules for detecting a significant delta. 1 Fourth, there are many options for cTn testing that, in part, offer trade-offs between rapid turnaround time and quality results. 7 Fifth, cardiac troponin I (cTnI) assays (compared with cardiac troponin T [cTnT] assays) are poorly harmonized, and as such, it is complex to translate clinical or analytical data between assays. 8 Combined, cTn assays and their implementation are riddled with nuances that are both challenging and fascinating. The objective of this review is to explore the sources of error in cTn testing, organized into the preanalytical ❚Table 1❚, analytical ❚Table 2❚, and postanalytical ❚Table 3❚ phases of the testing pathway. 9, 10 Notably, during drafting of this review, the US Food and Drug Administration (FDA) approved the Roche fifth-generation cTnT assay for clinical use (Roche Diagnostics, Indianapolis, IN). This is the most precise assay currently used in the United States, but we will not refer to it as high sensitivity because the US clearance did not support this claim. Instead, we refer to the assay as the "fifth-generation cTnT." This approval is an excellent step forward for cTn testing in the United States, creating a path to align with clinical practice across the globe. At the same time, some of the specifics of the approval, which we will discuss, will impede harmonization of cTn testing practices.
Preanalytical

Specimen Type
Variability in specimen collection tube usage can contribute to result bias. To our knowledge, there have been no systematic studies of cTn assays using simultaneously collected specimens with different tube types. However, there are relevant data nested within larger methodological studies. For example, in one study of the AccuTnI+3 assay (Beckman Coulter, Brea, CA), serum collected using serum separator tubes compared with lithium-heparin plasma showed a slightly negative average bias (3.1% lower) in low-concentration cTn samples (0.01-1.4 ng/mL; n = 85) and low-to mid-concentration samples (4.6% lower; 0.01-5 ng/mL; n = 94) but a slight positive bias of 5.0% higher when all samples were included (n = 106; range, 0.01-37.6 ng/mL).
11 Given these small average biases, the authors concluded that serum and plasma could be considered equivalent, which agreed with studies of average bias for earlier versions of this assay 12, 13 and studies with the Abbott AxSYM cTnI assay (Abbott Laboratories, Chicago, IL).
14 Early studies of previous formulations of the Roche cTnT (third generation) and the Centaur cTnI (ACS; Siemens Healthcare, Tarrytown, NY) assays suggested that a subset of heparin-plasma samples The aforementioned studies were all completed on conventional cTn assays, but the data are similarly complex for newer cardiac troponin assays. Particularly, variation in concentrations was observed using different sample types (ie, serum vs heparin plasma vs EDTA plasma) measured with hs-cTnI assays, with these differences potentially affecting clinical interpretation. 19, 20 These matrix influences appeared to be less of an issue with the Roche fifth-generation cTnT assay. 20, 21 However, the US FDA approval of this assay only applied to lithium-heparin plasma.
Tube type has been implicated in affecting the frequency of inconsistent, falsely elevated results. To our knowledge, no comprehensive studies evaluating all tube types, by all manufacturers, under different conditions (ie, underfilling vs full blood draw) have been reported. Two groups have published that, compared with plasma samples, serum collected in rapid serum tubes (RSTs) showed a decreased frequency of false-positive results when cTn was quantified using the Roche fourth-generation cTnT or Beckman Coulter AccuTnI+3 assays. 19, 22 However, when RSTs were implemented for routine cTnI analysis at one of the laboratories that completed the initial validation, 22 higher than expected frequencies of false-positive results were observed, likely due to additional variability in specimen collection and handling. Becton Dickinson (Franklin Lakes, NJ) recently released a new plasma tube, Barricor, that separates cells by differential buoyancy and is currently being studied for their effect on the frequency of inconsistent, false elevations.
Lipemia, Icterus, and Hemolysis Interference
Interference by lipids, bilirubin, or hemoglobin is generally consistent across all immunoassays on a given platform. Hemolysis does not directly increase the concentration of cTnI or cTnT because RBCs do not contain these proteins. However, several cTn assays are influenced by hemolysis, and the magnitude of interference is related to the cTn and free hemoglobin concentrations. [21] [22] [23] [24] [25] [26] [27] [28] The direction of the imposed bias is inconsistent between manufacturer assays, with the Roche fourth and fifth generations and Siemens Vista LOCI assays reporting falsely decreased results and the Vitros ECi cTnI assay (Ortho Clinical Diagnostics, Raritan, NJ) reporting falsely elevated results. [23] [24] [25] [26] [27] As expected, the observed percent biases appear to be greater with more hemolysis and lower cTn concentration. The Beckman Coulter AccuTnI+3 and the Abbott contemporary cTnI and hs-cTnI assays are largely unaffected by hemolysis, although at very high hemoglobin concentrations (greater than approximately 2 g/L), the Abbott assays do show a slight negative bias. 11, 28, 29 Few published studies have evaluated how hyperbilirubinemia interferes with cTn assays. One study determined that in the conventional Abbott cTnI assay, very high concentrations of bilirubin (>10 mg/dL) negatively interfered with cTnI measurements in specimens with cTnI concentrations ~2-to 3-fold higher than the upper reference limit. 30 Similarly, elevated bilirubin negatively High concentrations of lipids and/or proteins can interfere with automated assays by two basic mechanisms, both of which may lead to falsely decreased cTn results. Excess lipids or proteins can prevent proper aspiration, leading to inadequate sample volume. They also cause volume displacement by inhabiting a larger percentage of plasma volume. Published data do not identify clinically significant changes in cTn assays when high concentrations of lipids are present. 24, 27, 31 However, third-party reagents intended to remove lipemia have been shown to influence cTn results.
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Specimen Stability
Analyte stability can be broken down into short term (minutes to days) and long term (days to years). Shortterm stability is generally studied in methodologic validations because it is critical to managing testing workflows. Several studies have documented that cTn concentrations are relatively unaffected during short-term storage at 4°C, -20°C, or -70°C when separated from blood cells. 11, [33] [34] [35] Even when left on cells, good stability for some assays has been documented. 36 However, not all cTn assays have demonstrated such stability, especially at room temperature, so each assay should be evaluated for analyte stability at room temperature. 37 Long-term stability is less understood because of the time and planning required to properly evaluate issues relating to biobanking. A single study that collected specimens over a few years estimated a concentration decay rate of 0.4 ng/L/y at -70°C by regressing all specimen concentrations on the time in storage. 38 However, other studies have demonstrated, depending on the cTn assay used, that stability was maintained, with repeat measurements over 5 years on specimens stored at -70°C yielding acceptable recovery. 39 The consistency of cTn concentrations is further corroborated by the numerous clinical studies of stored frozen specimens that have demonstrated associations between low cTn concentrations, only quantifiable by hs-cTn assays, and a variety of cardiovascular outcomes.
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Utilization and Ordering
Laboratory test utilization refers to individual and systematic practices that influence clinical testing. 45, 46 Inappropriate or inefficient test utilization is wasteful and can lead to patient harm. cTn should be ordered when evaluating acute chest pain or in cases of suspected ACS. cTn testing can be plagued by both overutilization and underutilization, each of which can be detrimental to achieving optimal patient care. Inappropriate testing leads to excess direct costs, unnecessary workup, and potentially delays in appropriate management. 47 Ordering multiple unnecessary cTn tests after an AMI has already been definitively ruled in or ruled out has also been documented in ACS and non-ACS populations. 48 The diagnosis of AMI necessitates observing a rise and/or fall in cTn concentration (ie, a change), which requires at least two cTn measurements in most clinical scenarios. This is partially because other pathologies can cause cardiac necrosis, causing an increase in the baseline cTn concentration, but the stable elevation does not indicate acute injury. 49, 50 In practice at one of our hospitals, approximately half of patients in the emergency department who were tested for cTnI, using the Beckman Coulter AccuTnI+3 assay, were only tested once ❚Figure 1A❚. Most of these patients had initial results below the defined 99th percentile of 0.04 ng/mL ❚Figure 1B❚. While a single test may be appropriate in patients with sufficiently high abnormal concentrations or electrocardiogram (ECG) findings or those seeking care late after pain onset, using only a single test may lead to misdiagnoses and to an underdetection of myocardial injury. 51 The interval between testing is important, because if it is too short it will be challenging to distinguish changes due to acute injury from those of normal analytic and biologic variability. For contemporary assays, testing intervals of at least 3 to 6 hours have been shown effective at increasing diagnostic accuracy. 52, 53 Of note, it is challenging to generalize such algorithms across institutions and assays because of differences between manufacturer assays biologic and analytic variability and differences between patient populations. The increased analytic sensitivity of newer assays has led to proposals of testing intervals as short as 1 or 2 hours, 54, 55 but the generalizability of many these studies is fraught with challenges, 56 especially given that the thresholds for significant deltas are very close to the analytic and normal biologic variability of the assays. 57 Survey data indicate that rigid protocols for serial testing intervals have been adopted by roughly two-thirds of acute care hospital laboratories in North America. 58 One of our institutions, which uses the contemporary Beckman Coulter AccuTnI+3 assay, does not have a rigid protocol for serial cTnI testing. In this setting, retrospective analyses showed that the interval between serial tests varied considerably (90% of test intervals were between 2 and 13 hours) between patients ❚Figure 1C❚. This variability makes it challenging to interpret the significance of changes in serial cTn results. Although we are not aware of any randomized clinical studies that have directly compared rigid testing intervals vs individualized ordering, we believe the use of consistent testing intervals will improve diagnostic interpretation by standardizing processes, including criteria for interpreting serial result changes.
Analytical
Interfering Antibodies
The predominant endogenous antibody interferences in cTn assays can be subset into heterophile antibodies (both polyspecific, low-affinity natural and high-affinity human antianimal antibodies) and autoimmune, anticTn autoantibodies antibodies. 59 In this review, we refer to heterophile antibodies as any antibody that interferes with cTn quantification but does not have direct avidity for cTn. Anti-cTn antibodies are defined as autoantibodies that bind directly to cTn epitopes.
Heterophile antibody interference challenges most, if not all, cTn immunoassays. 60 However, antibodies that interfere with one assay may not affect an alternative assay. Heterophile antibodies can lead to both false-positive and false-negative results, but in practice, false-positive results are more frequently reported. 61 While the exact mechanisms of each remain elusive, these endogenous antibodies bind to reagent antibodies in a manner that links the solid-phase and detection antibodies, enabling them to form a "sandwich" and give the appearance of a quantifiable analyte. In contrast to many analytical errors, clinicians outside of pathology are aware of false elevations due to heterophile interference in cTn assays and have authored several publications describing the phenomena. [62] [63] [64] [65] Heterophile antibodies are not an indication of pathology. Their prevalence is generally assay specific, with some manufacturer assays showing more interference than others. Overall, the prevalence has been estimated to be 0.1% to 3%. 60, 66 Interfering antibodies should be suspected if cTn results do not match the rest of the clinical data. Another important distinction is that the apparent cTn results are much more stable (or less dynamic) over the course of hours than expected in an AMI. If heterophile antibody interference is suspected, then the sample in question should be analyzed for cTn on an alternative platform, tested for linear recovery of cTn on dilution, and/or treated with a heterophile antibody-blocking agent; another option is testing the sample for additional cardiac injury biomarkers. 67 Unfortunately, because of the heterogeneous nature of these interferences, none of the aforementioned troubleshooting approaches is 100% sensitive. The titer and therefore the effect of heterophile antibodies can vary over time, but because these interferences are difficult to detect and often persist, it is important for laboratories to identify future specimens from patients for whom cTn cannot be accurately quantified using the laboratory assay. Some institutions list the laboratory test as an "allergy" in the patient's chart. Other institutions program patient-specific rules in middleware or laboratory information systems to prevent testing or resulting and generate a warning flag for the technologist to retrieve the sample for analysis with an alternative cTn assay or cardiac biomarker and to contact the care team. Better systems to document laboratory interferences and identify suspicious results are needed.
Antibodies that specifically target assay reagents, such as biotin, streptavidin, or ruthenium, have been reported for many immunoassays. In addition, therapeutic administration of assay components (eg, biotin) may also adversely affect accurate measurement. [68] [69] [70] [71] Although not an antibody interference, a similar phenomenon can occur when endogenous serum molecules are exploited as immunoassay detectors. For example, several manufactures use nonhuman variants of alkaline phosphatase to catalyze signal generation. Typical concentrations of endogenous alkaline phosphatase do not appear to significantly interfere with contemporary assays, but false elevations up to 300 ng/L have been noted in patients with alkaline phosphatase more than 1,000 U/L. 72 Anti-cTn antibodies can be detected in 5% to 20% of individuals, but their cTn immunoassay interferences are less appreciated than that of heterophiles, likely because they most frequently cause false-negative results, for which no systems are in place to detect. [73] [74] [75] In addition, detection of an anti-cTn antibody does not portend interference with a given cTn assay. Mechanistically, anti-cTn antibodies block reagent antibodies by binding directly to or nearby the reagent antibody's cTn epitope. 76 This means that different manufacturers' assays can be variably or similarly influenced, depending on the epitopes targeted. 77 In assays that are negatively influenced, the antibody titer may be proportional to the extent of interference. In one small study, anti-cTn antibodies appeared associated with larger myocardial damage in acute cardiac events and subsequent persistent cTn release. 73 However, a recent publication concluded that detection of anti-cTn antibodies did not correlate to 12-month outcome, arguing that their incidental discovery as an analytical hindrance does not predict clinical outcomes. 75 Larger studies are needed in this area to truly assess the clinical impact of anti-cTn antibodies. 78 The final type of antibody interference is a subset of endogenous anti-cTn antibodies called "macro-troponin," in which an autoantibody binds to cTn, hindering its clearance and leading to an artificially elevated result. Macro-troponin complexes have been reported for several cTn assays but seem to be appreciably more frequent in the Abbott Architect hs-cTnI assay compared with others.
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Instrument Malfunctions
Instrument malfunction can lead to cTn test results that are irreproducible. One common example of this is "fliers" or cTn results that are initially significantly elevated above the upper reference limit but, on repeat, have undetectable or significantly decreased cTn concentrations. These were discussed briefly in the preanalytical section about tube types. Some fliers are thought to be due to micro-clots or debris within specimens and thus have a preanalytical component. 82 However, instruments should ideally detect and flag samples with interfering particles, meaning that these interferences also have an analytical component. Moreover, some irreproducible false elevations occur in quality control (QC) or blank specimens, without a potential preanalytical component to the error. 83 , 84 Pretorius et al 82 and Ungerer et al 85 have published extensive studies comparing the analytical robustness between common cTn assays. They evaluated the reproducibility of cTn concentration in 2,400 patient specimens across four instrument/assay pairs. The data supported that cTn assays are much more prone to nonreproducible false-positive rather than false-negative results. The frequencies of false elevations were roughly equal between the first and second samplings. Subsequent measurements were almost always consistent with the lower of the concentrations between the two initial results. Most of the discordances were minor, but some differed by up to ~100-fold. Importantly, the data indicated that none of the assays are immune to outliers, but the rate varies across instruments and manufacturers. 60, 75, 78 Similar analyses of high-sensitivity assays have demonstrated lower frequencies of irreproducible errors for hs-cTnI, but errors have been observed with these assays as well.
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Lot-to-Lot Variability
Lot-to-lot result variability affects most chemistry assays. This variability can have significant clinical and financial implications. 86 For cTn assays, this can lead to important result shifts at clinical decision points, although few data to date document the clinical ramifications of lot shifts and recalibration events on cTn results. To detect significant shifts, laboratories must evaluate multiple patient specimens with both lots using criteria for what constitutes an unacceptable bias. Guidelines for the appropriate sample size, concentration range, and overall allowable error between lots for most clinical laboratory assays, including cTn, are sparse or absent.
One well-documented reagent lot shift affected cTnT measurements. In 2012, Roche issued a technical bulletin informing its clients that the low end of their fifth-generation cTnT calibration curve required adjustment. Laboratory data supported their concerns: over a 2-year period and several reagent lots, there had been a gradual decrease in analytical sensitivity, leading to an apparent underestimation of cTnT concentration, mostly affecting results below the 99th percentile. 87 Few laboratories during this time were monitoring the performance of the fifth-generation cTnT assay with QC material around the 99th percentile concentration or below. 87, 88 This shift, which was for the most part identified long after the fact, 89 raised clinical concerns. 90 The manufacturer claimed that this shift would not influence the 99th percentile value or adjudication of acute events. These claims were independently validated by a large retrospective study assessing prevalence of myocardial injury 88 and an independent study by Wildi et al 91 in the Advantageous Predictors of Acute Coronary Syndromes Evaluation (APACE) study that confirmed that when conventional serial sampling was used, AMI diagnosis was unaffected. In contrast, the recalibration led to considerable reclassification when results were above or below the limit of detection, 92 providing caution to myocardial infarction (MI) rule-out approaches using a single low cTn concentration. 93 Minor shifts at the result low end might occur with other cTn assays and with different lots of reagent, with simulation data indicating that these minor shifts at the low end will also lead to misclassification. 94 This example illustrates the importance of assay quality control and lot-to-lot verification at medical decision points to ensure accurate and precise results over the long term.
Lack of cTn Harmonization (Interassay Variability)
cTn assay results are difficult to compare because of inadequate standardization and harmonization. The first reason for this is cTnI and cTnT assays target distinct, although related, proteins with different serum kinetics due to difference in release from tissue, degradation, complex membership, and clearance. 4, 95, 96 There is also poor harmonization within each cTn isoform. There are fewer cTnT assays, but even Roche cTnT fourth-and fifth-generation calibrations are different. 20, 21 The unhindered commercialization of the cTnI assays makes harmonization a much more complicated problem because these assays use a variety of antibodies that target different epitopes. This translates into considerable analytic variability because of multiprotein complexes of cTnI with cTnT and troponin C, posttranslational modifications, in vivo degradation, and likely additional unknown factors. 4 Variability between cTn assay results has been scrutinized for over 15 years because of the clinical challenges assay differences impose. Lack of harmonization between cTn assays is inefficient at best and, at worst, a patient safety risk if the clinical team is not aware of these differences and/or is using multiple cTn assays interchangeably.
An enormous amount of resources has been invested to decrease these discrepancies, and while there have been improvements, results between platforms remain disparate. 97 In 2006, a standardized reference material was prepared and used to recalibrate several manufacturer assays. 98, 99 The results were disappointing; the reference material did not improve comparability of results and still today the perfect cTn reference material is an enigma. Despite these overall negative findings, this study was one of the first to document that refactoring cTnI assay results based on cross-assay studies of patient pools significantly improved interassay correlations. 99 Result harmonization has been further explored in two recent publications authored by the international cTnI standardization committees. 8, 100 In the first study, supported by the International Federation of Clinical Chemistry and authored by Tate et al, 8 cTnI-positive samples from both individual patients and patient pools were compared across several assays. Using these data, each assay's results were linearly recalibrated toward the cross-platform median value. Reevaluating the samples after refactoring reduced the bias between assays from 10-fold to less than 2-fold. However, since the same set of sample results was used to derive and test the mathematical calibration factors, this approach likely overestimates the reduction in bias. The second study, supported by the European Ligand Assay Society and the Study Group on Cardiovascular Biomarkers of the Societa Italiana di Biochemica Clinica, complemented this work with a similar approach but also used patient-derived external quality assessment material to derive recalibrations that were then applied to patient samples. 100 The results of this study were similarly promising; the interassay bias was significantly reduced after implementing the recalibration factors.
Harmonization through mathematical recalibration is attractive, and these recent studies demonstrate its utility. However, its benefit is capped by inherent differences in assays, instability of calibration, 11 lot-to-lot variability 87, 90 of cTn assays, and performance differences with the same assay across different analytical platforms. 20, 57 It is unclear how the mathematical factors would be monitored for accuracy and how often they would require reevaluation or adjustment, let alone what other factors, such as sample type, would need to be addressed. Once an assay and its factors are moved into production, maintaining compliance for any necessary global adjustments will be difficult. Because of these challenges and limitations, ongoing efforts to standardize reference materials are critical to maximize comparability of results across assays and testing sites. There have been significant improvements, 97 but doubters that this process will be successful remain vocal.
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Analytical Sensitivity
Analytical sensitivity is a fundamental measure of all clinical laboratory assays. For cTn, this measure is critically important because useful medical decision points approach this lower limit. Lack of harmonization makes comparing analytical sensitivity of cTn assays by unit measure challenging; thus, most effort has focused on comparing the percentage of individuals with detectable cTn in a healthy population. 102 The currently agreed upon definition of a "high-sensitivity" troponin assay includes detection of cTn in greater than or equal to 50% of a healthy population 103 ; there is no further definition to categorize the currently available conventional assays, although there is still a wide range of analytical sensitivities. For example, when 2,000 samples from healthy patients were evaluated on both the Beckman Coulter AccuTnI+3 and Roche fifth-generation cTnT assays, 34% of the samples had detectable cTnI on the AccuTnI+3, but only 21% were detectable using the cTnT assay. 104 Similarly, when the Abbott iSTAT assay was compared with the automated Abbott Architect STAT Troponin-I assay, 16% of results were discordant and the automated platform appeared to have better clinical sensitivity than the point-of-care device. 105 It is critical for laboratory practitioners to communicate to all clinical stakeholders how the analytical sensitivity could affect clinical decision making for a particular cTn assay. For example, if an assay takes longer to perform, it may still lead to earlier diagnostic decisions if it is more analytically sensitive, as evident with the hs-cTn assays.
Postanalytical
Result Interpretation
Reporting accurate and precise cTn results is important, but substantial errors also occur in result interpretation. Some of the challenges in result interpretation relate to the aforementioned nuances of cTn quantification, such © American Society for Clinical Pathology AJCP / Review ARticle as the importance of assay harmonization in identifying optimal medical decision points and reporting the actual number and not just a qualitative "positive" or "negative" result. Similarly, analytical sensitivity and result precision at low concentrations determine the clinical sensitivity for detecting changes in serial measurements.
The third universal definition of an MI calls for using the 99th percentile of a healthy reference population as the diagnostic threshold to identify myocardial injury and to aid in the diagnosis of MI. In theory, this strategy for decision making should be simple, but in practice, it is extremely complicated. Recent publications have highlighted concerns about the 99th percentile. Ungerer et al 104 showed in a large reference population (~2,000 individuals) that across three of the most commonly used cTn assays, only 20% of the samples that contributed to the 99th percentile were shared across assays. Most specimens with the highest concentration of cTn were disparate between assays, raising concerns about the differences between what the assays are measuring. In addition, even calculating this threshold for a single assay is challenging, because the moderate sample sizes available yield poor precision, and different statistical methods produce very different results. 106 Equally concerning is the influence of population selection criteria on the 99th percentile. There is considerable interindividual variability in resting cTn concentrations. 107 This variability is associated with a variety of demographic and clinical variables. 108 Because of these associations, the application of more stringent criteria for selecting a reference population leads to a decrease in the resulting population's 99th percentile. 109 There are no accepted guidelines for selection criteria or statistical approach for determining the most clinically useful 99th percentile. 110 This challenge is exemplified by the Roche fifth-generation cTnT assay, which had a manufacturer-defined 99th percentile of 14 ng/L for several years (beginning in ~2009) but a conflicting 2017 US FDA approval of the 99th percentile of 19 ng/L.
However imperfect, and realizing the above caveats, the 99th percentile is the best single diagnostic threshold available for AMI diagnosis. It has been shown to add clinical benefit compared with using higher concentration cutoffs. 111 Thus, it is considered standard of care internationally. 1, 93 Even still, many institutions use a numeric value higher than the 99th percentile to flag an abnormal result in their electronic medical record system. 58, 112 This inconsistency leads to overall confusion within and between health care systems.
Detecting Change (ie, the Delta)
Unfortunately, using the 99th percentile for diagnostic interpretation is not enough. The comparison of a single cTn measurement to a single diagnostic threshold is not always sufficient to rapidly and accurately diagnose AMI. One reason is that some patients with cardiac structural abnormalities associated with heart failure 50 or renal disease 49 have baseline cTn concentrations above the 99th percentile. Another reason is that in some patients with an AMI, it takes several hours, estimated as up to 6 hours in the Beckman Coulter AccuTnI assays, 52, 53 for cTn concentrations to rise above the 99th percentile. Thus, in many clinical scenarios, serial testing improves the diagnosis of AMI. Conventional serial testing strategies measure blood cTn concentrations at intervals of 3 to 6 hours. 113 However, newer cTn assays have the potential to shorten these testing intervals and enable more rapid diagnosis because their improved analytic precision helps better distinguish clinically important cTn changes from analytic noise. 114 A variety of strategies have been employed to interpret the clinical significance of cTn concentration changes. Interpretation of changes is complex because the assays' analytical variability and the biological variability are concentration dependent and there is considerable diversity in both patients and pathophysiology. 11, 107 As a result, no single, simple criterion works well in every scenario. Studies have shown useful but limited diagnostic utility for absolute or relative concentration changes, in part because fixed criteria are used throughout the wide reportable range. 52 In these studies, absolute changes generally perform better, because any fixed percent change threshold performs differently on low and high result ranges (eg, a 20% change is conservative for high results and aggressive for low results). Some groups even have advocated for absolute changes at low concentrations and relative changes at higher concentrations. 114, 115 Because of this complexity, most clinical practitioners rely on Gestalt decision making, informed by their individual experience, rather than precise, validated algorithms. Such fuzzy interpretations work well for most patients with large AMIs because both the absolute and relative cTn concentration changes are high. However, it is worth noting that if a vessel is completely occluded, peripheral blood cTn may not rise rapidly because of hemostasis. More important, this approach is nonideal when applied to the interpretation of smaller cTn changes because of the interpatient complexity, especially for early presenters after chest pain onset, and the diversity that exists in the timing of serial blood draws (ie, the change between 0 and 3 hours will be different from a change between 0 and 9 hours). The clinical consequences of missing a smaller AMI, with peak cTn concentrations barely above the 99th percentile, may go unnoticed by the
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Herman et al / Variability and Error in CardiaC troponin tEsting acute care physician because the effect on morbidity is months to years later. 116, 117 Thus, it is important to support cTn change interpretation with data obtained from well-designed studies assessing clinical outcomes. Reporting or flagging based on a change in cTn concentration has been suggested 118 but is not widely adopted. 58 Moreover, as discussed above, simple absolute or percent changes alone inadequately capture the significance of all observed serial test results. A few studies have proposed leveraging knowledge of an assay's laboratory analytic and biologic (or intraindividual) variability to interpret serial changes by calculating reference change values or related z scores. 119, 120 Such approaches offer considerable gain theoretically because they can account for the concentration dependence of analytic and biologic variability and scale numbers to interpretable probabilities. However, their accuracy is reliant on estimates of biologic variability that are derived from very small data sets. Prospective studies of such strategies will be critical to assessing their utility. In addition, these strategies are complex and will need to be clearly defined in order for largescale (national or international) implementation. Presently, the change criteria or the deltas for cTn are dependent on the assay and time between samples/measurements. Fortunately, several clinical studies have evaluated change criteria for the diagnosis of MI, which could serve as a reference for sites using specific assays and ordering protocols, 54, [121] [122] [123] although performance of these algorithms may vary depending on the population being assessed.
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Result Reporting
There are many important decisions for how laboratories report results beyond setting the reference interval or 99th percentile. These decisions can both overtly and subtly affect subsequent interpretation. Choice of units is important, because the magnitude of results influences their interpretation. For instance, although 200 ng/L and .2 ng/mL are identical findings, the first unit choice makes the result seem high, whereas the second makes the result seem normal or low. In addition, tests with numbers that sometimes but not always include decimal places are subject to higher rates of transcription error by accidental dropping of the decimal or addition/subtraction of a significant leading zero. 124 Beyond unit choice, harmonization of units is vital. If laboratories report results in different units, this makes it more challenging to interpret the literature and potentially dangerous to interpret laboratory results performed by different laboratories. Expert consensus recommends reporting all high-sensitivity cTn results in ng/L because this avoids transcription errors from dropping decimals, and this choice better confers the appropriate importance to results like 200 ng/L. 103 Another important reporting decision is setting the lower limit of the reportable range. Results below this cutoff are reported as less than the cutoff (eg, <0.03 ng/mL), rather than as actual numbers (eg, 0.023 ng/mL). This threshold should be selected to optimize result interpretation. Most frequently, laboratories use the limit of blank (LoB), the limit of detection (LoD), or the limit of quantification (LoQ). 125 Applying the LoD ensures that numeric results are only reported when there is high confidence that the analyte is truly present. A simpler approach may be the LoB, which can be derived using water (or another analyte-free matrix). However, as discussed above regarding lot-to-lot variability, extending results below the LoQ requires specific QC or quality assurance practices to ensure low-end accuracy. At the other extreme, the LoQ ensures that all reported results are relatively precise, which is appropriate when result precision is essential. However, the downside of using the LoQ is that all results between the LoD or LoB and LoQ are grouped together. For cTn testing, detecting change is as important and sometimes more important than the absolute concentration. Thus, grouping all results below the LoQ together can hide clinically significant cTn changes by reporting serial results. Some of the superiority that has been reported by hs-cTn assays compared with contemporary cTn assays is merely due to the reporting of results below the LoQ in the hs-cTn assays, rather than their superior precision and improved analytically sensitivity. 126 Furthermore, for high-sensitivity assays, publications have demonstrated that there may be added clinical information between the LoB and LoD concentrations, 86, 112 clearly indicating that consensus for low-end reporting is needed.
Unfortunately, many cTn assays are reported using the LoQ as the lower limit of the reportable range. This is, in part, due to regulation. In fact, the recent US FDA approval of the Roche fifth-generation cTnT set the lower end of the reportable range based on the limit of quantification at 6 ng/L. This conservative selection will make it easier for individual laboratories to ensure accuracy throughout the range. However, it will also impair the detection of early changes in AMI and impede the validation and implementation of robust accelerated diagnostic protocols that appear to speed AMI MI rule-out yielding clinical and operational benefits, because some protocols use decision points less than 5 ng/L or less than 3 ng/L 127 that will be impossible with all results less than 6 ng/L grouped together.
Case Resolution and Conclusions
The patient with dramatically elevated cTnI (initially 14 ng/mL) and normal coronary arteries was never found © American Society for Clinical Pathology AJCP / Review ARticle to have any additional signs of cardiac disease. Notably, her clinical presentation and ECG did not match the large magnitude of the cTnI elevation, and the serial cTnI concentrations were much more stable than expected for an AMI. Workup revealed that the primary cTnI assay's results were nonlinear on dilution and decreased around 100-fold after treatment with commercially available heterophile blocking reagent (Scantibodies Laboratories, Santee, CA), indicating the initial result was falsely elevated due to interfering heterophile antibodies. Soon afterward, the patient was diagnosed with a urinary tract infection, administered an appropriate antibiotic, and discharged from the hospital.
This case demonstrates how an analytical error may lead to wrong diagnoses, inappropriate treatments, and delays of appropriate management. Most analytical errors do not have this large of an effect on clinical management because they are interpreted in the context of complementary clinical information. This error was devastating to this patient's care because of the magnitude of its elevation and because of a failure to consider the potential for a laboratory error. To catch critical errors such as these, laboratory practitioners must develop relationships with their clinical colleagues such that we are consulted when clinical and laboratory findings are discordant and the laboratory finding is actionable.
Errors in cardiac troponin testing are a critical topic for discussion, consensus building, and planning for all stakeholders interested in heart health. To optimize use of cTn testing for AMI diagnosis, we must understand and account for all of these sources of error and variability. These issues will become even more important as we push the analytical limits of cTn assays to implement rapid protocols for AMI rule-in and rule-out. In addition, we should strive for improving our informatics solutions to enable precise interpretation of test results and to identify result patterns that are concerning for error, such as a stably, elevated cTnI concentration concerning for assay interference.
